Very cold neutrons (typical wavelengths are about 102 Ä) are available by recently developed techniques 2. The features of the scattering of these "ultracold" neutrons are investigated in the present paper discussing a few examples of magnetic scattering. The diffraction of neutrons by the vortex lattice in superconductors is treated as an example of elastic scattering, while in most other cases the scattering is inelastic. We discuss the scattering by ferromagnetic magnons at low temperatures and the critical scattering from an isotropic ferromagnet above the critical tempera ture. Simple models are used to derive the total cross sections. It is shown that relevant information about the inealsticity can be gained by the measurement of total cross sections in these cases.
Introduction
We use the notation " ultracold neutrons'' 3 for neutrons with wavelengths (considerably) larger than 20 Ä. Small amounts of such neutrons can be found within the thermal spectrum of reactors. Methods have been proposed and developed to ex tract these neutrons from the thermal spectrum 1-4. With the apparatus at the FRM reactor neutrons can be observed with wavelengths between about 40 Ä and 1000 Ä. The latter value corresponds to a neutron energy of about 10~7 eV. It has been pro posed 5 to measure the electric dipole moment of the neutron using ultracold neutrons, since it seems possible to achieve a higher accuracy than in previ ous experiments (e. g. 6) . It is clear that it would be very interesting also to measure the scattering of neutrons with sim ilarly small energy transfers; in formation about such energy levels of the scatterer could be obtained which cannot be investigated by thermal neutron scattering.
The theory of the scattering cross sections for thermal neutrons has been investigated in great detail (e. g. 7~9) . Little inform ation can be taken from the literature about the cross section of very cold neutrons, however. Therefore the present paper gives a crude survey about the magnetic scattering cross sections of ultracold neutrons. The diffraction of neutrons by the vortex lattice in the mixed state of type-II-superconductors serves as a simple ex ample of elastic scattering. Two examples of inelastic magnetic scattering are treated, the scattering by ferromagnetic spin waves at low temperatures and the critical scattering from an isotropic ferrom agnet above the critical temperature. We use rather crude models for the inelasticity of the scattering to derive a simple description of the total cross sections. The main experimental interest concerns the total cross section at the present time, since the available inten sities are not yet very high. At the FRM reactor the intensity of neutrons with a velocity v -90 m/sec (corresponding wavelength / ä ; 45 Ä ), resolution Av/v « 7.4% is F. 0 = 1 2 0 0 neutrons/sec2 the area being F = 6 cm2, and the flux 0 varies ap proximately as Vs 1. Thus we do not discuss the indicated possibility of investigating the energy distribution of the scattered neutrons further. We show, however, that some relevant inform ation about the inelasticity of the scattering can be gained also by the measurement of total cross sections, if
suitable models are used to analyze the cross sec tions. In a second paper of this series we intend to present some examples of nuclear inelastic scatter ing from solids, liquids and gases.
Bragg Scattering of U ltracold N eutrons from the V ortex Lattice in Superconductors
Elastic scattering of ultracold neutrons will be important, if the structures of the scatterer have a linear dimension comparable to the neutron wave length. If a type Il-superconductor is brought into a magnetic field, the magnetic flux enters the super conductor in its mixed state as flux lines which form a regular a r r a y 10. The lattice spacing d has the order of m agnitude of 103 Ä. Each vortex line car ries a flux quantum 0 O = c A/2 e = 2 .10-7 Gauss cm2, c being the velocity of light, h the Planck's constant and e the charge of the electron. Within each vortex line of radius £ the substance is in its normal state, while outside of the flux line the magnetic induction decreases. The penetration depth of the magnetic field is characterized by the param e ter Xp . The distribution of the magnetic field outside of the flux lines can be found from the GinzburgLandau equations in the lim iting case 10 £ = 0 . The fourier transform of the magnetic moment distribu tion acts as the magnetic form factor of the scat tering. It is easy to derive the extinction coefficient in this case 11
m neutron mass, k = 2 n/l neutron wave number, nuclear magneton y = 1.91, B magnetic induc tion.
The vectors of the reciprocal lattice r can be expressed in terms of the magnetic induction and the flux quantum . Since the flux lines form a trian gular lattice we can write
K, L = 0, ± 1 , ± 2 , . . . integer numbers.
We take Ap = 400 Ä (the value of N b 12) to evaluate Eqs. sible to neglect £ in comparison to Xp in the case of Nb, however; it is well known that in the case a quasisinoidal distribution of the magnetic induction results 12. A magnetic form factor as given by Eq. ( 1) is a bad description in this case; we believe, however, that Eq. (1) will be a useful des cription for some other substances having smaller values of £. The cross section is plotted versus the energy E of the neutrons in Fig. 1 for three values of the magnetic induction B. The large values of the cross section are very remarkable. Since impurities, lattice defects etc. are known to act as pinning centers 13 to the vortex lattice, distortions of the flux lattice can occur 14. The discontinuities of the neu tron cross section will be smeared out by the lattice distortions, and the magnitude of the cross section is reduced. A second effect which can reduce the intensity is the variation of the magnitude of the lattice spacing through the sample -this effect has been observed in some cases by means of the Bitter technique 15. In the experiments by C r ib ie r et al. 12 using cold neutrons (A « 5 Ä) the Bragg angle has a magnitude of minutes of arc. Using ultracold neu trons large Bragg angles could be obtained, and the intensity of the first Bragg peak would be high. The cross section and the intensity decrease with neutron energy E according to a 1/üMaw.
Spin-wave Scattering o f U ltracold N eutrons at Low Tem peratures
The differential cross sections for the scattering of neutrons with absorption or emission of a spinwave are given by 16-18 Eq. (3) applies to spin waves with momentum h f and energy h(Of; the finite linewidth of the magnons can be neglected since we consider only tem peratures T ^T c. We want to include a small anisotropy into our treatm ent; we do not use the H o l s t e i n -P r im a k o f f 19 dispersion relation for the spin waves but rather represent the anisotropy by some " effective field" H& and get 
The sum 2 was replaced by an integral to derive We can give a rough estimate for such contribu tions by
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These contributions vary with the neutron velocity v as l/v and cannot be separated from the nuclear absorption aa experimentally, since oT will always be some orders of magnitude smaller than aa . A dif ferent behavior is found for the contributions of t = 0, however. It is easy to show that scattering with magnon absorption and emission can occur only if the inequalities denominators in Eq. (5 ), (6 ) we can perform the angular integration to derive the total cross section by making use of the relation
respectively, are fulfilled. We now restrict our in terest to small values of E \ and not to large m/m*; in this case the two lim iting energies will be in the energy region of the ultracold neutrons. Using the quadratic dispersion law Eq. (4) and expanding the
[scattering angle ft ( ± refers to magnon absorp tion and emission, respectively) ] and get (kßT ^ Ex) It is to be expected that the present theory overestimates the magnitude of the observable cross sections, however: if E\ is very small the cross section diverges like In 1/E\; in a real case the m agnitude of the total cross section will be limited rather by the finite size of the magnetic domains than by the anisotropy energy. If a com parison with an actual experiment is made, an angular range around the forward direction accord ing to the angular divergence of the incident neu tron beam should be excluded from the angular integration leading to Eqs. (8 ), ( 10), since the differential cross section is very sharply peaked in the forw ard direction.
Critical M agnetic Scattering of U ltracold Neutrons
The spontaneous magnetization of a ferromagnet above the critical tem perature Tc is zero, but the fluctuations of the local magnetization maintain spin correlations over distances, which are large com pared to the atomic distances, for temperatures near Tc . According to VAN The behavior of the correlation function for small values of distance R has been investigated using Monte Carlo techniques 23,24. The dynamical be havior of the fluctuations can be described by a spin diffusion law according to VAN In the hydrodynam ic region (q ^ x) the be havior of the fluctuations is diffusive while in the transition region (q > x) it is not. We use now the simplest model which is consistent with Eq. (16) to represent jT (q ) for all values of q as indicated in Fig. 3 . In the upper part of the figure the features 14) for the numerical integrations changes the values of the total cross sections by less than 1% in the critical region; therefore the Eq. (14) or Eq. (1 5 ), respec tively, are sufficient, and we need not consider the more complicated theories for the behavior of x(Q) for large q 22 (or, equivalently, the behavior of the correlations for small distances 23, 24) . The magnetic form factor is omitted for the same reason.
The result which we obtain for the total cross section depends now sensitively on the ratio k/x, i. e. the ratio of the correlation range to the neutron wavelength. If k/x ^1 we can neglect the Fisher param eter r\ since r\ ^ 1 and make the approxim a tions 
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neutrons. Therefore the approximations of Eq. (19) gration the total cross section, which obeys a l/vare justified, and we derive by straightforw ard inte-law A / ( 6 ) = arctan 6 + 7i -arctan (^2 6 -1) -arctan ( l/2 6 + l ) --In --2 6 -1 / 2 6 + 1
is plotted in the lower part of Fig. 3 . Thus the cross section depends on the correlation range x~l and the spin diffusion constant A in a very simple way. It is interesting to note that the condition 2 m A/h ^ 1 leading to Eq. (2 1 ) is valid for tem peratures as close to the critical tem perature as (T -Tc/Tc) ä j 10~2 in the case of iron.
We have to calculate the cross section for a r bitrary values of k/x by numerical integration, suitably starting from the expression upper limit. If x ^ k the numerical integration in Eq. (24) has to be done with great care since the cross section is almost divergent. We now proceed to discuss the limiting value of the cross section for 
This integral can now be evaluated simply since £0 1 and for ultracold neutrons A < 1 with the notation according to 
Conclusions
The characteristic properties of " ultracold" neu trons, large wavelength and small energy, can be very useful for neutron scattering investigations in solid state physics. This fact is demonstrated by some simple examples of magnetic scattering. We do not consider effects connected with the refractive index of neutrons which is very im portant for the slowest part of the ultracold neutron spectrum, since the refraction of the neutrons can be taken into account in a simple way 1< 2. We first consider the Bragg scattering of ultracold neutrons from the vortex lattice in type II-superconductors. The ad- vantages resulting from the large value of the cross section and the large Bragg angles are discussed. We then investigate the inelastic scattering from magnetic systems at low temperatures and at tem peratures slightly above the critical tem perature, respectively. We demonstrate that the total cross sections contain detailed information about the in elasticity of the scattering. Since we use very crude models to derive the cross sections, parts of the dis cussions may have prelim inary character and a more sophisticated reexamination may be necessary. We believe, however, that the main features of the scat tering come out correctly from our simplified theory. Experiments are desirable to support this point. Since the dependence of the cross sections on the neutron velocity deviates from the simple 1/vbehavior in a nontrivial way, a detailed analysis of measured neutron cross sections should be feasible. It is shown that the scattering by ferrom agnetic spin waves in the vicinity of the forw ard direction allows conclusions concerning the anisotropy energy. The cross section for the critical scattering of ultracold neutrons is dominated by the param eters of the hydrodynamic theory, namely the range of the spin correlation and the spin diffusion constant A. Remarkably large values for the magnitude of the cross sections are found. The survey of magnetic scattering treated in our paper is by no means com plete, other topics are the critical scattering below the critical temperature, antiferromagnetic magnons, param agnetic high-temperature diffusive scattering, inelastic spin-flip scattering by magnetic ions, criti cal magnetic scattering including anisotropy etc. It is clear, however, that in most of these cases more complicated models have to be used (for instance, see the dynamic scaling theory of anisotropic criti cal scattering given in 42) .
We add one rem ark about measurements of double differential cross sections, deriving d2o/dQ do) with given accuracies Aq, Aw. From the intensity con siderations in momentum space 43 it can be seen that the use of very cold neutrons may be favorable.
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